Microbiota induce expression of AhR in enteric neurons of the distal intestine enabling them to respond to environmental signals.
transcription factor Aryl hydrocarbon Receptor (AhR) is an intrinsic regulator of enteric nervous system output. AhR is instated as a neuronal biosensor in response to microbiota colonization allowing resident enteric neurons to directly monitor and respond to the intestinal microenvironment. We suggest that AhR signaling integrates neuronal activity with host defence mechanisms towards gut homeostasis and health.
Integration of gastrointestinal (GI) tissue activity with the dynamic microenvironment of the gut lumen is essential for digestive function and host defence (1, 2) . The enteric nervous system (ENS) encompasses the intrinsic neural networks of the GI tract regulating many aspects of intestinal physiology, including peristalsis, epithelial cell secretion and mucosal immunity (2, 3) . In addition to genetic mechanisms and tissue-derived signals (4), gut luminal factors, such as diet and microbiota, regulate the development and functional output of the ENS (5). Germfree (GF) mice show morphological changes of intestinal neuronal networks at early postnatal stages (6), fail to develop mucosal glial cells (7) and display reduced activity of enteric neurons (8). Microbiota-diet interactions also influence ENS-dependent peristaltic activity (9), while altered composition of microbial communities has been associated with gut motility disorders (10). Consistent with these findings, GF and antibiotic-treated mice exhibit reduced gut motility evident by increased transit time ( fig. S1, A and B) (11, 12) and reduced frequency of colonic migrating motor complexes (CMMCs), an ENS-dependent colon-specific motility pattern ( fig. S1C) (13, 14) . Interestingly, conventionalization of adult GF (exGF) mice reduces the transit time deficit ( fig. S1A) (11) , suggesting that intestinal neural circuits are endowed with molecular mechanisms that continuously monitor the luminal environment of the gut and adjust intestinal motility accordingly. Despite considerable recent progress, the molecular mechanisms whereby the luminal microenvironment regulates ENS physiology and GI homeostasis remain obscure.
We reasoned that genes specifically upregulated in enteric neurons of the colon, the intestinal segment with the highest load of microbiota (15), could encode components of signaling cascades activated by luminal signals. To identify such signaling components we first compared the transcriptional profiles of enteric neurons residing within the colon and the small intestine (SI) of specific pathogen-free (SPF) mice. To minimize potential gene expression variation due to diet and other environmental factors, we used mice from two independent animal facilities (Francis Crick Institute, London, UK and University of Bern, Switzerland).
Since our pilot studies indicated that the relatively long tissue dissociation protocols commonly used for the purification of intact ENS cells resulted in considerable cell damage and nonspecific transcriptional changes, we developed a novel strategy for purification and RNA sequencing of enteric neuron nuclei (nRNAseq) . For this, we generated a novel adenoassociated viral (AAV) vector (serotype 9, AAV9) expressing EGFP fused to the KASH nuclear membrane retention domain (EGFPKASH) (16) under the control of the neuronspecific CaMKII promoter ( Fig. 1A) . Intravenous administration of AAV9-CaMKII-EGFPKASH particles resulted in nuclear labeling of the majority of enteric neurons within all segments of the intestine (Fig. 1A and fig. S2A-H) . EGFPKASH-labelled nuclei of myenteric neurons, which are primarily responsible for regulating intestinal motor function, were next isolated from the muscularis externa of the SI and the colon by combining fast and robust protocols of nuclear preparation with fluorescence activated cell sorting (FACS) , and subjected to RNAseq (Fig. 1A and fig. S2I-L) . Bioinformatic analysis demonstrated that the transcriptional profiles of SI and colon myenteric neurons segregated according to their anatomical location and identified sets of genes upregulated in each neuronal population (Fig.   1B, fig. S2K and table S1 ). Among the genes upregulated in colonic neurons were those encoding transcriptional regulators of positional identity (Hoxd13), brain development (Pou3f3) and environmental sensing (AhR), neural tissue-specific proteins (Col25a1, Syt10), signaling proteins (Unc5d, Ano5, Pde1c) and non-coding RNAs (Dalir, Pantr2) (table S1).
The differential expression of several of these genes in the ENS of the SI and the colon was validated by fluorescence in situ hybridization analysis (RNAscope) ( fig. S3) . These experiments demonstrate that discreet transcriptional programs operate in intrinsic neural circuits associated with distinct segments of the mammalian intestine.
As an independent experimental strategy for the identification of microbiota-regulated neuronal genes, we used nRNAseq to compare the transcriptional profiles of myenteric neurons from the colon of SPF and GF mice (Fig 1C) . Despite the presumed effect of microbiota on enteric neuroanatomy (6, 11) , neuron-specific transcripts were represented equally in the two transcriptomes ( fig. S4A) , indicating that absence of microbiota does not alter the global gene expression profile or organization of intestinal neuronal networks. This idea was further supported by immunostaining for pan-neuronal (HuC/D, PGP9.5, TuJ1 and peripherin) and neuron-subtype (VIP, Calretinin, nNOS, Calbindin, ChAT and NF-M) markers which exhibited similar distribution in the myenteric plexus of SPF and GF mice ( fig. S4, B-F) .
Nevertheless, our transcriptomic analysis identified sets of genes that were specifically upregulated in SPF or GF colonic neurons ( Fig. 1C and table S2) , demonstrating that the microbial communities of the gut modulate the gene expression profile of enteric neurons.
Taken together, our studies so far reveal that the anatomical and environmental context of enteric neurons programs their transcriptional output.
One of the genes identified by our nRNAseq experiments as colonic neuron-specific and microbiota-responsive was AhR (Fig. 1, B and C) , suggesting that it is integral to genetic mechanisms employed by enteric neurons to monitor the luminal environment of the colon.
AhR encodes a member of the bHLH/PAS domain transcription factors, which is activated by a broad range of microbial, dietary and endogenous metabolites (AhR ligands) (17) . Upon ligand binding, cytosolic AhR translocates into the nucleus and induces expression of, among others, cytochrome P450 (CYP1) enzymes, which metabolize AhR ligands, thereby terminating AhR signaling (18) . AhR activity in intestinal epithelium and mucosal immune cells is critical for GI physiology and homeostasis (18, 19) , but the potential role(s) of AhR in enteric neurons is unknown. To investigate the role of AhR in ENS homeostasis and function, we first analyzed its expression profile in enteric neurons. Consistent with our differential gene expression analysis ( Fig. 1B and fig. S3 ), virtually all myenteric neurons of the colon identified by pan-neuronal (HuC/D, peripherin) and subtype markers (ChAT, nNOS, Calretinin, Calbindin, or NF-M) were immunostained with AhR-specific antibodies (Fig. 2, A-E) .
Interestingly, the ratio of nuclear versus cytoplasmic signal varied considerably (Fig 2A) , suggesting asynchronous activation of AhR in enteric neurons. In the muscularis externa of the colon AhR was expressed predominantly by myenteric neurons, indicating that neuronal networks in this layer constitute cardinal targets of AhR ligands ( Fig. 2A and fig. S5 ). AhR signal was also detected in the myenteric plexus of the distal ileum (which contains the largest number of microorganisms in the SI) and the cecum, but was absent from enteric neurons of the duodenum and jejunum ( Fig. 2F-I) . In contrast to SPF mice, myenteric neurons in the colon of GF and antibiotic-treated animals were labelled weakly with AhR antibodies and had reduced levels of AhR transcripts, but signal was specifically reinstated following colonization of both sets of animals with SPF microbiota (Fig. 2, J-O and fig. S5A ). Taken together, these studies demonstrate that microbiota colonization regulates AhR expression in enteric neurons.
Earlier reports have suggested that microbiota modulate colonic motility by regulating Toll-like receptor (TLR) signalling (20) . However, AhR expression in colonic neurons is unlikely to depend on TLR signalling, since colonization of GF Myd88/Trif double mutant mice (21) with microflora induced normal levels of AhR expression in the myenteric plexus ( fig. S6A) . Also, T cells, an immune cell subset sensitive to microbial factors, are dispensable for AhR expression, since Tcra -/mice (22) exhibit normal AhR expression in colonic neurons ( fig. S6B) . Therefore, T cells and TLR signaling are dispensable for AhR induction in enteric neurons.
To examine whether AhR activity in enteric neurons is subject to ligand regulation, we first compared Cyp1a1a transcript levels between control and 3-Methylcholanthrene (3MC)injected animals (23). 14 hours after treatment Cyp1a1a mRNA was specifically upregulated in muscularis externa from the colon of animals exposed to 3MC relative to controls (Fig 2P) .
Neuron-specific activation of AhR was independently confirmed by GFP immunostaining of muscularis externa preparations from the colon of 3MC-treated Cyp1a1::Cre;R26EYFP reporter mice (18), in which Cyp1a1 induction in response to ligand-activated AhR signaling results in permanent expression of EYFP (Fig 2, Q and R) . Therefore, microbiota-induced expression of AhR enables myenteric neurons to respond directly to AhR ligands.
Next, we tested the idea that AhR signaling in enteric neurons is required for regulation of intestinal motility by gut microbiota. For this, we used AAV-mediated gene transfer ( Fig  AhR ligands by Cyp1a1 dysregulation would phenocopy the effect of neuron-specific AhR deletion on intestinal motility. To test this idea, mice homozygous for the R26 LSL-Cyp1a1 allele, which allows conditional overexpression of Cyp1a1 (18), were administered AAV9-CaMKII-Cre vectors resulting in constitutive expression of Cyp1a1 in enteric neurons (EN Cyp1a1 mice) ( Fig 3D) . Similar to AhR EN-KO mice, EN Cyp1a1 animals were characterised by increased intestinal transit time (Fig 3E) indicating that dysregulation of AhR ligand metabolism in enteric neurons disrupts intestinal neural circuit activity. To examine further the potential role of AhR ligands in neurogenic gut motility, we supplemented the diet of EN Cyp1a1 mice for 4 weeks with the AhR pro-ligand indole-3-carbinol (I3C), which generates the high affinity ligand ICZ (indolo [3,2-b] carbazole) (27) . Exposure to I3C diet sufficed to rescue the dysmotility in EN Cyp1a1 mice (Fig 3F) , demonstrating that neuron-specific and ligand-dependent activation of AhR signaling regulates intestinal motility.
To provide direct evidence that AhR signaling is implicated in the regulation of intestinal motility by microbiota ( fig. S1) , antibiotic-treated wild-type mice, which have reduced AhR expression in enteric neurons and longer transit time (Fig 2, M and N, and fig   S1B) , were injected with AAV vectors expressing AhR and EGFP under the control of CaMKII (AAV-AhR: AAV9-CaMKII-AhR/EGFP) or control vector (AAV-Ctrl: AAV9-CaMKII-EGFP) and intestinal transit was evaluated 4 weeks later. Since depletion of microbiota was likely to reduce the amount of available AhR ligands (28), all animals were fed with I3Csupplemented diet for 1 week prior to the motility assay ( Fig. 4A) . Although antibiotic treatment of mice injected with AAV-Ctrl vector showed a dramatic increase of intestinal transit time, administration of AAV-AhR resulted in significant reduction of total transit time ( Fig 4B) . These experiments demonstrate that enteric neuron-specific AhR signaling is sufficient to reduce intestinal dysmotility secondary to microbiota depletion.
Digestive physiology and gut homeostasis depend on non-hierarchical input from diverse intestinal tissues (2) . However, most studies on the homeostatic equilibrium between the gut wall and its lumen have focused on the capacity of intestinal epithelial and immune cells to monitor the microbial and dietary environment and mount appropriate responses to compositional changes and barrier breaching (29) . Thus, despite the established effect of microbiota and diet on intestinal motility, an important regulator of the luminal microenvironment (9, 30) , the mechanisms whereby environmental signals regulate the functional output of neural circuits remain largely unexplored. Activation of local sensorimotor reflex units encompassing enterochromaffin cells is a potential mechanism linking microbiota with GI motility (31). Here, we describe unique transcriptional programs operating within enteric neurons of distinct intestinal segments, which encode, among others, a novel molecular mechanism that enables neural circuits to directly monitor and respond to changes of the gut microenvironment. This mechanism entails the microbiota-driven installation in enteric neurons of the ligand-dependent transcription factor AhR as a cell autonomous regulatory node, which in turn empowers diverse microbial and non-microbial metabolites to modulate neural output (fig S10) . We suggest that AhR is the fulcrum of an ENS-specific surveillance pathway promoting propulsion of luminal contents in response to abnormal microbial overgrowth to prevent dysbiosis and maintain a healthy host-microbe equilibrium (fig S10) . Therefore, pharmacological activation of AhR in enteric neurons offers a rational therapeutic strategy for the management of bacterial overgrowth resulting from slow gut motility (32) . In addition to its role in neurogenic motility, AhR-dependent transcriptional programs are central to the barrier function of intestinal epithelial cells and the mucosal immune system. A common signaling pathway operating within diverse cell types offers an effective mechanism to integrate the activity of functionally distinct intestinal tissues towards gut homeostasis and host defence. Perhaps, in a similar manner, metabolite-induced AhR activation in distinct cell lineages of the central nervous system, including neurons (26, 33) and microglia (34) could integrate their activity under physiological conditions or their response to tissue pathology. In summary, our studies provide mechanistic insight into the environmental adaptation of neural circuits and its role in nervous system homeostasis. EGFP + and EGFPnuclei isolated from the colon (left) and SI (right) of mice injected with AAV9-CaMKII-EGFPKASH vectors. Red, blue and green dots indicate the genes specific to enteric neurons (Ret, Chat, Camk2, Elav3, Nos1, Tubb3) , glial cells (Sox10, Gfap, Cdh19, Entpd2, Plp1) (41) and muscular macrophages (CD11b, CD163, MHC class II, Mrc1, Retnla) (42), respectively. Figure S3 . Differential expression of enteric neuron-specific genes in muscularis externa preparations from the SI and colon. Representative images of muscularis externa from SI (left) and colon (right) hybridized with the indicated RNAscope probes and counterstained for DAPI. With the exception of Ret, all other genes analyzed here (Ahr, Pou3f3, Pde1c, Pantr2, Ano5, Unc5d, Col25a1) were identified by nRNAseq ( Fig. 1B) as colon neuron-specific.
Figure legends

Quantification of expression levels for each gene in the nRNAseq experiments (TPM values)
is also shown. Ret is expressed in neurons of myenteric ganglia (outlined by dotted line) of both the SI and the colon (although our quantification shows higher representation in colon samples). Ahr, Pou3f3, Pde1c, Pantr2, Ano5, Unc5d,  Representative images of colon myenteric ganglia immunostained for c-Kit (a marker of interstitial cells of Cajal) and AhR (B) and Sox10 (a marker for enteric glial cells) and AhR (C). Scale Bars: 30µm.
Figure S6. T cells and TLR signaling are dispensable for neuronal expression of AhR. (A)
Immunostaining of colon myenteric ganglia from wild-type and Myd88/Trif double mutant GF mice inoculated with SPF microbiota (4 weeks prior to tissue harvesting) for AhR (red), HuC/D (blue) and PERI (green). (B) Immunostaining of colon myenteric ganglia from wild-type and Tcrα -/mutant (C57Bl/6) mice for AhR (red), HuC/D (blue) and PERI (green). Scale Bars:
30µm. PERI, peripherin. Microbiota colonization upregulates AhR in the majority of enteric neurons in the distal intestine (A). This enables neural networks to monitor the lumen or tissue environment of the gut for the presence of metabolites (derived for example from microbiota or diet) that function as natural AhR ligands (B). Upon ligand binding, cytosolic AhR translocates into the nucleus inducing AhR-dependent transcriptional programs (C) that in turn modulate intestinal motility (D). Normal peristaltic activity of the gut is crucial for maintaining a healthy microbiota composition and avoiding abnormal bacterial overgrowth and dysbiosis that can be detrimental to gut homeostasis and host defence (E).
Fig. 1
AAV injection (i.v.)
FACS nRNAseq
Tissue homogenization Bern Crick Vivarium Color Key 
